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ABSTRACT

The in situ stress field was determined at a depth of 837 m (2,745
feet) in Devonian shale ("gray" shale) within the Rome Basin in West
Virginia. Logging data and laboratory observations of core samples reveal
vertical cracks oriented at N 50° - 60° E. Because of these cracks and
their preferred orientation, a new approach based on fracture-mechanics
concepts is used to evaluate the in situ Stresses from the field and labora-
tory data. The resulting prediction of the maximum horizontal stress is
compared to that predicted by Haimson and Fairhurst's (1967) method; the
latter overestimates the value of the stress because the effect of loading
the faces of any pre-existing crack had been neglected.

. The results of the field experiment are summarized as follows:
Breakdown Pressure =-Pb = 20.2 MPa (2930 psi);
Shut-in Pressure = PS = 16.3 MPa (2360 psi);

Bearing.of Fracture = N 45° E to N 55° E.

The analysis of the results gives the following values of the in situ

principal stresses:

Overburden Stress = 22.1 MPa (3210 psi), vertical;

908
Maximum Horizontal Stress = opuay = 21.6 MPa (3130 psi),
horizontal, N45° E to N 50°E;

Mininum Horizontal Stress = SuMIN = 16.3 MPa (2360 psi),
horizontal, N 40° W to N 45° W.
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INTRODUCTION

- Recent attempts to stimulate natural gas production in low-permeability
sandstones in the Western United States by massive hydraulic fracturing '
(MHF) have resulted in increases of flow of up to 8 times (J. Wroble,
Pacific Transmission Supply Co., 1976). However, many attempts have been
unsuccessful, probably owing to certain unfavorable characteristics of the .
pay formations, such as permeability, pore pressure and deformation moduli
(Randolph, 1976), all of which are affected by the magnitude of the in situ
stress. Thus, knowledge of the stress state in the pay and surrounding
formations is essential in the simulation of <n situ conditions during
laboratory experiments designed to measure the true characteristics. These
measurements, in turn, make the analysis of such nhenomena as containment
of the frac within the pay zone and in situ permeability more relijable.

In addition, determination of the in situ state of stress at depth gives
insight into what will be the breakdown pressure, extension pressure, and
the direction of fracture during MHF. The difference in horizontal principal
stresses is of particular intérest because the direction of a hydraulic
fracture will be determined by the principal stress direction if the
difference in principal stresses is significantly greater than local
fluctuations in principal stresses. Furthermore, knowledge of the direction
of the minimum in situ principal stress and/or the preferred orientation

of natural fracture systems is needed in deviated-well technology {Komar,
1976-a). There, the well bore is drilled at a predetermined inclination
with its horizontal projection aligned with either the direction of minimum in
sttu principal stress or orthogonal to the direction of the natural fracture

system.
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Fielq techniques to determine the magnitudes and directions of in sity
principal stresses include, among others, mini-hydrofracturing. The method
is a by-product of the hydraulic fracture stimulation technique. The
conventional analysis of the results of mini-hydrofracturing involves
computation of the in situ stresses from the elasticity solution for a
pressurized, smooth, well bore in an isotropic, homogeneous elastic medium.

During a mini-hydrofracturing experiment to determine in situ stresses
in the Devonian shales within the Rome Basin of West Virginia, it was
observed that the natural fractures in the core samples from the test well,
(Ira McCoy 20402), violated the assumptions used in the conventional methods
of calculating the in situ stress field (cf. Haimson and Fairhurst, 1967).
The probiem was therefore approached using the orinciples of linear elastic
fracture mechanics,and the resuits of this analysis suggest that the con-
ventional analysis is partially incorrect. The error occurs because the
mechanics of fracture initiation and fracture extension are ignored in the
conventional method of calculating in situ stress from the elasticity
solution for a pressurized cylindrical cavity. |

As a result of the problems encountered in applying the conventional
method of calculating the in situ stress field in this test, the present

report has been divided into two distinct sections. The first section

deals with the conventional approach as applied to this particular experiment;

the stress field determined by these calculations indicates the inconsistency
and non-uniqueness that can arise in an extreme case. A proposed new

approach is presented in the second section. The differences between the

o~
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in situ fields obtained by the two approaches are due mainly to loading
of pre-existing cracks by the frac fluid. From fracture mechanics such

loading has a marked effect on crack extension and should therefore be

considered.
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THE OPEN-HOLE FIELD TESTS AND RESULTS

Background> -

Mini-hydrofracturing follows procedures similar to those used in MHF;
however, the hole is left open so that the orientation of the fracture can be
determined after the formation has been broken. Its application is potentially*
unlimited in depth, and does not depend upon the determination of load-
deformation response, as in the case of overcoring techniques. Since its
inception, it has undergone theoretical development (cf. Hubbert and
Willis, 1957, Kehle, 1964 and Haimson and Fairhurst, 1967) and has been
applied in both laboratory (Lamont and Jessen, 1963 and Haimson and Fairhurst,
1967) and field experiments in Rangely, Colorado (Raleigh, et al., 1972) at
a:depth of 1920m (6300 ft.) and in the Rainier Mesa at the Nevada Test Site
(Haimson, et al., 1973) at depths up to 270 m (880 ft.). The é;perimental
procedures used in a mini-hydrofracturing experiment are described in detail
elsewhere (Haimson, 1968); therefore, only a brief description of the
techniques will be presented here.

The section of the hole to be tested is isolated py lowering "straddle
packers” into position and then pressurizing the sealing components at each
end of the device (see Figure 1). The “fracturing fluid" is then injected
into the section between the upper and lower seals. Surface and, if passible,
downhole recorders are used for continuously monitoring the fluid pressure.
The pressure is raised slowly until the breakdown pressufe (PS) is reached,
i.e., the pressure at which the fock surrounding the hole fractures. If
the flow rate remains constant after the breakdown pressure has been reached,

the pressure will drop to a constant level, known as the extension pressure

* Depth limitation comes from unavailability of pumping equipment suitable
for the necessary high pressure needed for great depths.
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Figure 1. Configuration of a typical straddle packer.

(Pf) at which the fracture propagates. If the fluid-flow is stoppgd,

the entire system will come to an equilibrium where the in situ stress

acting to close the fracture equals the fluid pressure; this equilibrium
pressure is the shut-in pressure (PS). Finally, to determine the orientation
of the fracture, an impression packer is lowered into the test section and

a trace is formed on the packer by extruding a soft rubber membrane into

the fracture. A photograph of a downhole compass is taken and then correlated

with a reference mark on the outside of the packer.

Results of the Open-Hole Test

The open-hole test was conducted using a standard Lynes straddle packer
for a 22.2 cm (8-3/4 inch) hole. The straddle Tength was roughly 4.27 m
(14 feet) and its center was located at a depth of 837 m {2745 ft).
The packer and drill stem were then filled with fluid, a combination of
KC1, Macobar Drispak, and water, which was used to drill the well. The packers
were then pressurized to 10.5 MPa (1520 psi, downhole gage).

After the packer had been pressure-set, the formation was pressurized
until the breakdown pressure was reached (see Figure 2). Both the pressure

and flow rate were monitored at the surface and a downhole pressure monitor
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installed in the straddle bar confirmed the surface measurements. 'Figure~
3 indicates thé breakdown of the formation and the initial extension

of the fracture in more detail. It was not possible to record the
instantaneous shut-in pressure after breakdown because a pressure fitting

at the top of the drill stem started leaking.

2 - T T —T T | T T T T T T T 7 ] ¥ T T 2
¥, so00f =
3 - =
2 C -
@ 2000{~ =
:: - e, ) — L I 2 . + . J i 1 L . L
ﬁ ° 0o 200 300 400
TIME (SEC)
Figure 2. Test record indicating breakdown pressure
and extension pressure.
* Add hydrostatic head equal to 8.4 MPa (1220 psi).
35
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Figure 3. Test record indicating breakdown pressure
and extension pressure.

* Add hydrostatic head equal to 8.4 MPa (1220 psi).

The pressure fitting was replaced and the shut-in pressure was

measured on the two successive runs, shown as Figures 4 and 5.
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Figure 4. Fracture extension and shut-in Number 1.
* Add hydrostatic head equal to 8.4 MPa (1220 psi).
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Figure 5. Fracture extension and shut-in Number 2.
* Add hydrostatic head equal to 8.4 MPa (1220 psi).

The numerical results of the open-hole test are presented below in

Table I. Maximum variation between the successive measurements of the

shut-in pressure was within *+ 6 percent.

TABLE I
Results of the Open-Hole Test

Pressure Run Breakdown Pressure (Pb) Shut-in Pressure (Ps)
Mpa (psi) Mpa (psi)
1 20.2 (2930) ---
) . 16.4 (2380)
3 - 17.3 (2470)
4 . 15.3 (2215)

The straddle packer was removed from the hole and a Lynes impression
packer was lowered to map the fracture that had been formed. The bottom of

the impression was at 839 m (2752 feet); it extended 3.66 m (12 ft.) with
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a 0.61 m (2 ft.) blank in the middle. The impression packer indicated the .
formation of a very narrow, vertical fracture over its entire length. The

bearing of the fracture trace at the borehole surface was determined to be

N 45° E to N 50° E by using an Eastman Whipstock single-shot, downhole camera.

Evaluation of the In Sztu Stress Field

Determination of the complete in situ stress field can be achieved if
the three principal stresses and their directions can be calculated. In
general, §evera1 mini-hydrofracturing expériments in non-coplanar boreholes
are required to obtain the necessary information. This method was used
to measure the in situ stress at the Nevada Test Site (Haimson, et al.,
1973). If, however, the direction and magnitude of one of the principal

stresses are know, the complexity of the experimental work needed to determine
the other two principal stresses is reduced substantially. This situation

is not uncommon since the vertical (overburden) stress is usually a principal
stress and, except at very shallow depth, will generally exceed the

minimum in situ stress. Under these circumstances, the fracture plane will

be vertical, and a single mini-hydrofracturing experiment is sufficient to
estimate the -directions and magnitudes of the horizontal <n situ principal
stresses.

If the rock is viewed as a homogeneous, isotropic, elastic medium with
an isotropic failure criterion, it is easily shown that a crack propagating
in this medium due to fluid pressure acting on its face will grow along
the path of least resistance (i.e., it will extend in the plane perpendicular
to the least compressive in situ principal stress). For a moderately long
crack, the pressure required to hold the crack open, but not extend it, will

be s1ightly greater than the far-field stress acting normal to the fracture.
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Therefore, it follows that the shut-in pressure is approximately equal to
the minimum horizontal compressive stress.

In this case, if the rock is assumed to fail when a critical tensile
stress is reached then the principal stress field can be calculated by

applying Equations (1), (2) and (3)

Smax = To t Ps Py - Py (1)
9o " vH (2)
SyMIN -~ Fs (3)

where IUMAX® CHMIN and ogg are total principal stresses and
y = specific weight of rock

H = depth of the test zone

P0 = formation pore pressure

To = tensile strength of the rock
PS = shut-in pressure

Pb = breakdown pressure

This solution, based on the elasticity solution for a pressurized cylindrical
cavity in an infinite isotropic elastic continuum, was first proposed by
Hubbert and Willis, (1957) and Haimson and Fairhurst, (1967). It should

be noted that Equations (1) and (3) are valid only for the case where the
fracturing fluid does not penetrate the matrix of the formation material.

Due to the low permeability of the Devonian shales of the Rome Basin,
neglect of fracturing-fluid penetration should not introduce major errors
into the analysis. Equations (1), (2) and (3) are not applicable if the
vertical stress is less than the smallest horizontal stress, in which case

a horizontal fracture will form and determination of the horizontal in situ

10
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principa]_stresses is not possible usina the mini-hydrofracturina technioue.

In addition to the magnitude of the in situ principal stresses obtained
from the measured pressures and Equations (1) and (3), the impression packer
provides the direction of the cracks that have formed at the borehole wall.
If the material is isotropic, these cracks should be normal to the direction

of the minimum principal stress.

Results of the Laboratory Experiments

Laboratory tests conducted in this study were used to supply the material
properties necessary to obtain the in situ stresses from the field test.
A series of six hollow-cylinder burst tests were conducted on oriented
core samples recovered from the Gray-Shale section at a depth df 823 m
(2699 %f.) to 845 m (2770 ft.). These tests, wheﬁ interpreted in terms
of a critical tensile stress required for fraéture, provided the tensile
strength (To) of the shale. A description of the experimental techniques used
in these tests can be found elsewhere (Haimson and Fairhurst, 1967).

Briefly, the test consists of internal pressurization of a thick-
walled cylindrical sample until failure occurs. The failure pressure,
Pi’ is measured and is related to the tensile strength of the rock, To’

through the equation

w2 + 1

To, = pi(wz _ 1) (4)

£ 4

where w is the ratio of the outer radius b to the inner radius a of the
hollow cylinder.

In spite of the visual competence of the shale from the test section,
nearly all of the core samples developed extensive horizontal fractures

during transportation to the Terra-Tek facility. The fractures are apparently

1
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'due to bedding-plane separation caused by the removal of the overburden .
stress. These fractures limited the length of the burst-test specimens to

less than 63 mm (2.5 in). The results of these laboratory tests are shown

in Table II.
TABLE II
Results of Unjacketed Burst-Tests
P.
Sample Depth i
m (ft.) b/a = w Failure Pressure Remarks
MPa (psi)
823 (2699) 10.7 22.3 (3230) Very competent sample,
few fractures.
831 (2724) 10.7 7.7 (1120) Failed on pre-existina
fractures.
836 (2741) 10.7 11.3 (1640) Failed on pre-existinc
fractures.
836.3 (2742) 10.7 2.3 (340) Failed along a beddinn-
. plane fracture.
842 (2761) 10.7 5.9 (850) Failed along a beddinr-
plane fracture.
845 (277¢) 10.7 19.2 (2790) Very competent sample,
very few fractures.

It is obvious that the results from the unjacketed burst test can be
grouped into two classes. Samples at 823 m and 845 m level have an average
tensile strength which is over twice as great as for samples at the 831 m
and 836 m levels. Samples from depths of 823 m and 845 m had considerably
fewer natural fractures than the samples from the 831 m and 836 m levels.
Both of the samples that failed at the lower pressures (831 m and 836 m)
had groups of small, tight fractures with the same directional trend, and the
failure plane induced during the test was parallel to the pre-existing frac-
tures. The pressure required to fail samples from 823 m and 845 m appear to

be representative of the tensile strength of the matrix material, while the

12
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Tower values (831 m and 836 m) appear to be pressures required to extend a

pre-existing natural fracture.

Calculation of In Situ Stress Assuming an Elastic, Isotropic Medium

A comparison of the densities obtained from the Birdwell 3-D ultrasonic
log and the density measurements done by Terra Tek indicates excellent
agreement. Therefore, the log densities were averaged and used to calculate
the overburden stress. The calculated value for the overburden stress
%08 is 22.1 MPa (2310 psi).

The tensile strengths used in the calculations of the horizdntal
stresses are an average of the two values in each group shown in Table II.
The three measurements of the shut-in pressure were averaged to determine
the value of the minimum horizontal stress, THMIN' The pore-pressure term
in Equation (1) is estimated, based on downhoie pressure build up test,
to be 1.7 MPa (250 psi) (Smith, 1976). A tabulation of the measured and

calculated data at the mid-position of the fractured section (837 m) is

presented in Table III.

TABLE III

Calculation of In Situ Stress for
an Elastic Isotropic Media

Depth Py Py P *rowq ¢ aog * aax Tot P Pu=Po Loy * Ps Direction

M (feet) MPa {psi) | MPa (psi) § MPa {psi) MPa {psi) |KPa/m {psi/ft) MPa (psi) MPa (psi) MPa (psi) | of Iymax
837 m (274 ft) 120.2 {2930} | 1.7 {250) J16.3 {2360) J 21.1 {3060)] 26.4 (168.5) 22.1 (3210) 48.1 {6980) 16.3 (2355) )] N45°-50°E
837 m (2745 ft) |20.2 (2930){ 1.7 (250) |16.3 (2360} | 9.7 (1400)] 26.4 (168.5) 22.1 (3210) 36.7 (5300) 16.3 (2355) | N4S"-50°E

As a result of the two types of behavior observed in the laboratory
tests, it is not possible to arrive at a unique value for the minimum
horizontal stress. If the material in the test section, between the packers,
was isotropic and homogeneous with a tensile strength of 21.1 MPa (3060 psi),

then a maximum horizontal stress of 48.1 MPa (6980 psi) would be obtained.

13
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However, if the tensile strength of the rock was 9.7 MPa (1400 psi) the .
maximum horizontal stress would be 36.7 MPa (5300 psi).

The wide range of measured burst pressures coupled with the e%fect
of the known existing fractures observed in the recovered cores indicate
that the shale medium has a pronounced anisotropy with respect to its
tensile strength. Figure 6 shows that the induced failure plane is para]TeT
to the group of existing fractures in the sample at the 831 m (2726 ft)
level. Furthermore, examination of the fracture-density logs from the
nearby well, Ira McCoy 20403, indicates a consistent set of fractures through
the entire cored section (see Figure 7) whose azimuths are within £ 10
degrees of the direction of the fracture created during the miﬁi—hydrofracturing
test. Hence, the assumption of an isotropic critical-tensile-strength

failure criterion is not satisfied.

AL A & I

=
, E"f—

Figure 6. Burst sample from 831 m (2724 ft.) [Pi = 7.7 MPa (1120 psi)].

14
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In order to account for the existence Qf the developed fracture system'
in the field test, the problem has been reanalyzed by applying the methods
of Tinear elastic fracture mechanics. The effect of preferred crack
orientation on fracture growth and the initiation of fracture on a
pre-existing crack are accounted for in the calculation of the in situ
stress. The calculated stress field will be found to differ from the
estimates obtained using the conventional formulation (Haimson and

Fairhurst, 1967).

Figure 7. Histogram of the strikes of 605 vertical
extension fractures mapped in Devonian
Shale .recovered from well No. 20403
(from Swolfs, et al., 1976).

15
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FRACTURE-MECHANICS ANALYSIS OF THE MINI-HYDRAULIC FRACTURE TEST )

Growth of a crack inclined to the directions of the far-field in situ
stresses, and subjected to pressure on its faces can be analyzed by using
fracture mechanics concepts in which linear elasticity is assumed and
attention is given to the elevation of stresses near the crack tip. While
large stresses around the crack tip will usually be accompanied by some
plasticity, linear elastic fracture mechanics properly forms the basis for
analyses when the plastic zone and other non-linear effects around the
crack tip will be confined to a small region within a linear elastic field.
Such a field is characterized by a single parameter. Irwin (1960) introduced
the stress-intensity factor K as one such parameter--others include the
J-integral (Rice, 1968) and the specific energy-re]ease rate, G (Irwin,
1957). These parameters, which are equivalent in linear elastic fracture
mechanics, measure the intensity of the local stress field at the crack
tip. They are determined by the applied loading. Cracks are expected to
advance if the values of these parameters reach critical values characteristic
of the material considered. On the other hand if the loads acting on the
body and its geometry are such that the value of K, J, or G is Tess than

this material property, the crack is expected to remain stationary.

Effect of Preferred Crack Orientation on Crack Growth in Hydraulic Fracturing

'Consider a pressurized crack oriented at an arbitrary angle o relative
to the direction of minimum principal stress o3 of the far-field stress
system, illustrated in Figure 8. If the crack faces of length 2L are subjected
to a pressure p, the stress-intensity factors KI and KII for the existing

crack are given by (cf. Rice, 1970, eq. 97):

17
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Ky = /7l {p - oy sin%a - o3 cosZa} (5)
Kip = /Y7L &(o; - o3) sinZe} (6)

where o) = Opyay > 03 = Opvn denotes the maximum compressive far-field

horizontal principal stress.

R

—= -—
— Y -<—
— -t—
— EXTENDING -
a-l CRACK o
— -
—— » EXISTING -
CRACK
— e

aIE T AR CY I SR AR

Figure 8. Skewed crack under far-field stress and
internal pressure.

If the existing crack extends in an arbitrary direction, as shown in
Figure &, then the energy-release rate r{y) associated with extension in

the direction vy will be given by the following equation (Hussain, et al., 1974)

18



UGR File #30

Terra Tek, Inc. TR76-36
July 1976

Y/ﬂ

L a(1v2 1 ; :
r(y) = (E v?) (3+c032%)<:+1> [}1+3coszy)KI2 + BsinycosyK K . +

(9~5coszy)KIIZ} (7)

where Ky and KII are given by equations (5) and (6), and E and v denote the
Young's modulus and Poisson's ratio of the material, respectively. If th

£ dfan
i Uil

crack is assumed to advance in the direction, y . , for which r(y) is a
maximum, then the relationship between the direction of crack advance, Yrax’
and the ratio, (KII/KI)’ is given by Figure 9 (Clifton, 1974).

*
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-90° -0 @ -30° T 4300 +60 490
o-h
=3I
{

- K
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Q
31t

Figure 9. Orientation of propagating crack which maximizes
energy-release rate {Clifton, 1974).

19



UGR File #30

Terra Tek, Inc, TR76-36

July 1976

when'Ki and_‘KII are substituted from equations (5) and (6) into the

expression (7), r(y) is found to be proportional to the crack length and
a positive definite function of KI and KII' Therefore, if cracks advance
for a prescribed finite value of F(Ymax)’ the only way a long open crack
can be stationary is for KI and KII to be equal to zero. Thus, Tong cracks

are stationary only for (assuming that the crack faces are not in contact)

p = o, sin%a + 05c08% : (8a)
and

(o) - 03) sin2a = 0 | (8b)

If o, and o3 are not equal, Equation (8b) requires that

a = 0 or a = w/2

In the former case, « = 0, the pressure p equals the minimum horizontal 1
compressive stresses o3, whereas in the latter case, a = /2, the pressure
p equals the maximum horizontal compressive stress o;. That is, long open

cracks can be stationary only if they are parallel to principal-stress

~

directions and if the pressure p is equal to the principal stress perpendicular

to the crack face. Whether the case ¢ = n/2 or « = 0 is more likely to

occur can be determined by noting whether an arbitrarily oriented crack

tends to rotate to become perpendicular to o, or to o3. From Figure 8, the

value of y for which I'(y) is a maximum has the same sign as 8. And,

for KI > 0, B has the same sign as KII‘ Then, for (o, - 03) > 0, ' {

equation (5) implies that K,, > 0 for a. < n/2. Therefore, y is positive

11
for « in the range [0, n/2]. In other words, the crack tends to extend in a
direction which is more nearly perpendicular to the direction of minimum

compressive stress than was the existing crack as long as (o; - o3) is not zero.
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As a result, the pressure in the long crack approaches the minimum compressive
stress o3. Hence, for moderately long cracks, the shut-in pressure, Ps’

is given by

Pe = 03 = oy (9)

Equation (9) confirms the use of (3) for determining the minimum
in sittu stress. An estimate of the maximum hqrizontal in situ stress, THMAX =
o1, can be obtained by considering the initial advance of an existing crack

which intersects the bore hole at a prescribed orientation.

Crack Initiation with a Pre-Existing Crack of Prescribed Orientation

Consider the cylindrical hole with two radially opposed cracks subjected
to an internal pressure p and the far-field stress state o; and o3 as shown

in Figure 10.

R

Figure 10. Crack in a bore-hole wall under far-field stress
and internal pressure.

The stress-intensity factor, KI’ at the crack tip is given by (Johnson,

et al., 1973, Eq. 49)
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KI = "p/Ln F(L/a) - (o, cos2a + 03Sin2a) F(L/a) YL«
+ (0, cos2a - o3 cos2a) G(L/a) /Ix (10)

where F(L/a) and G(L/a) are given in Table A2 (cf., Paris and Sih, 1965).
In order to determine o, from (10) it is necessary to know the minimum

compressive stress o3, the initial crack length L, and the breakdown

pressure p = Pb at which the stress-intensity factor KI is equal to the

critical value, Kie> required for crack advance. Now o3 can be determined

from measurement of the shut-in pressure, P (see (9)), and KIc can be

determined from fracture toughness tests (see appendix). Estimates of

L can be obtained from visual inspection of cores and frpm the pressure

at which pre-existing cracks in hollow test cylinders begin to propagate

under loading by internal pressure. For given values of KIc’ Pb and L,

equation (10) becomes a relation between g; and «. This relation can be

written in the more useful form

K
Ic
I{a)(oy~03) = 63-P, + ————— (11)
ST T T L a T . |
where
I{(a) = cos2a - %%%é%% c0s2a (12)

The function I{(a) is shown in Figure 11 for various values of the ratio
L/a. Because I(a) is near zero only for a limited range of values of a it
appears that (11) can usually be solved uniquely for (o;-03) when a is

known.
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Figure 11. I(a) as a function of a for different
' ratios of (L/a)
If g, = o3 then the value of o is irrelevant and the principal stresses
in the horizontal plane are
K .
=gy =p - —10 (13)
F(L/a)Lxn
On the other hand, the condition g3 < o; requires that ¢; and o satisfy

the inequalities

K
o3 <Py - ____Lgf:: for a > o, (14a)
F(L/ayY'Lx
KI .
o3 > Pb - —1c for o <a. (14b)
F(L/a)ln
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where a. is the solution of the equation
.I(u.) = 0 (15)

Values of o for a wide range of values of (L/a) (i.e., 0 < l/a <2)

lie in the interval 15° <o < 30°. For known values of o3, Py, K. and L,
inequalities (14) limit the possible range of the values of a. Unfortunately,
however, L is genera]]y‘not known with much certainty and allowable variations
in the value for L may lead to satisfaction of either (14a) or (14b). Such
uncertainty could be removed if a dominant crack of known depth L could be
introduced in the field test.

While it appears that there is no unambiguous way of determining o;
without additional information, there are a number of observations that can
be made. First, if cracks of known depth L could be infroduced for mini-
hydraulic fracturing of a well bore at two different depths within nominally
the same formation, then the principal stress o; could be determined without
a priori determination of a. This would be accomplished by introducing the
cracks at orientations differing by #/2 and making use of the identity
I{(a) + I{a+n/2) = -1. Then, from (11)

cl=Pg+Pg+"/2—o3-—————2KIC_ (16)
F(L/a)/Ln
where Pg and Pg * 7/2 are the breakdown pressures in the sections with
cracks oriented at angles a and ¢ + #/2 respectively. Once o, is obtained
from (16), the angle a can be obtained from application of (11) to the
results of each field test. Comparison of the two values of a obtained in
this way would serve as a check on the validity of the procedure for

determining o; and a.
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If rgsu]ts from only a single mini-hydrofracturing test are \
avai]ab]é;‘then'an additional assumption must be introduced in order to
estimate o;, unless the principal stress directions can be determined
from an independent measurement of the hydraulic-fracture orientation
at large distances from the well bore. In the latter case measurement of
crack orientation at the well bore by means of an impression packer
suffices for the determination of «. If there is no preferred orientation
of existing flaws, then the expected value for a is o = 0 because KI is )
a maximum for a = 0. On the other hand, even if there is a preferred
orientation of existing cracks the development of these cracks may be
such that their orientation will be near « = 0. Such orientation would
result if the cracks are due to extensional failure, i.e., lie in the
principal plane of the greatest and intermediate stresses (Swolfs, et al.,
1976). In the Devonian-Shale core samples the existing vertical cracks
are not planar and do not contain pulverized material which would suggest
their formation or subsequent sliding in a shear mode. Thus, it appears
piausibie that initial crack extension in the mini hydraulic fracturing
experiment occurs in a direction near « = 0. Furthermore, equation (14b),
measured values of PS, Pb, KIc and laboratory values for L suggest that
a satisfies a<a,. Consequently, in what follows the orientation of the crack
at the wall bore will be assumed to be « = 0. This assumption is the same
as the one used in the conventional method for determininc :UHMAX discussed
previously; use of the same assumption here facilitates direct comparison
of the two approaches.

If one assumes that during a mini-hydrofracture test the initial

crack intersects the borehole in a radial plane perpencidular to the minimum
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in gitu compressive stress, then, from (11) and (9) one obtains

K
Ic F G
0] = —— - P+ r——T P (]7)

where G and F are to be evaluated for appropriate values of L/a. The critical
stress-intensity factor KIC is obtained from jacketed pre-notched burst

tests as discussed in the Appendix. One estimate of the crack length L can
be obtained from the results of the unjacketed burst tests and the value

for KIC determined from the jacketed tests. Interpretation of the unjacketed
burst tests in terms of linear elastic fracture mechanics gives

KIC = /nL0 PiF(Lo/ao) (18)

where L0 and a_.are, respectively, the length of the crack and the bore

o 3
radius of the cylindrical burst sample. The pressure Pi is the internal
pressure at which the cylinder bursts. The function E(Lo/ao) is a dimensionless
stress -intensity factor analogous to F(L/a), but applicable to the case of
finite-diameter cylinders (see Appendix). For values of L, which are small
relative to the wall thickness of the cylinder the function ?(Lo/ao)

is given approximately by (Clifton, et al., 1976)

: 2.26w2
F(Lo/ao) - W1y (19

where w = b/a is the ratio of inner and outer radii of the test cylinders.

From (18), (19).and values of K, _ and Pi obtained from cores taken from

Ic
the section of the well pressurized by the straddle packer, the largest

pre-existing vertical crack intersecting the bore in the unjacketed burst

* Lack of agreement between (19) and Equation (5) of Ref. (Clifton, et al.,
1976) is due to a misprint in the latter equation.
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tests reported in Table II is L = 0.7 mm (.030 in). This value is obtained

for K, = 38.2 MPa /mm (1100 psi /in) and P, = 11.3 MPa (1640 psi),

I
corresponding to the sample from a depth of 836 m which failed along pre-
existing vertical cracks. This length is considerably less than the length
of 8 mm, say, of most pre-existing vertical cracks observed in the test
cores (see e.g. Figure 6). Two possible explanations of this discrepancy
appear Qlausible. One is that the computed effective length should have
been larger because F in Equation (18) was taken to be the value for a
radial plane-strain crack iﬁ the limit as Lo/a0 -+ 0. Actually F should be
obtained from a three-dimensional-elasticity solution for a crack (or group
of cracks) of finite extent intersecting the bore. The actual value of ?
is smaller than the value obtained from (19) so that use of (19) in (18)
tends to underestimate Lo. The.extent of this underestimate is difficult
to asseSs, but comparison of plane-strain-crack solutions with solutions
for a circular crack in an infinite medium (Sneddon, 1946), and elliptical
crack in a plate (Rice and Levy, 1970) or hollow cylinder (Underwood, 1972)
suggests that the stress intensity factor could be reduced by approximately
40 percent from the value for a plane-strain crack of the same depth. From
(18) such a reduction in F would cause the computed value of Lo to increase
to 1.2 mm (.05 in).

A second and more important reason for the discrepancy between computed
and observed values for Lo is based on the fact that when a drilled hole
intersects a pre-existing crack only part of the crack remains in the
sdrrounding material after the central core is removed. Thus, the Tength of
the remaining crack intersecting the bore is generally less than the length
of pre-existing cracks, especially when the bore diameter is comparable

to the crack length as in the case of the burst sample shown in Figure 6.
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The considerations mentioned in connection with the determination of 1
L0 should also Bé taken into account in the computation of o; from (17).
In the first term it appears reasonable to take the length L to be
approximately equal to the length of the pre-existing cracks because many
such cracks can be expected to intersect the 22.2 cm hole and it is likely
that for at least one of these cracks the depth is essentially equal to
the initial length of the crack. The dimension]ess.stress-intensity
factors F and G should be reduced because thé cracks are not plane-strain
cracks. However, F and G should decrease similarly so that quotients
F/(Q-F) and G/(G-F) should be essentially the same as for plane-strain
conditions. The quantity (G-F) can be expected to be approximately 40

percent less than for plane-strain conditions. Then, from (17), the

maximum horizontal compressive principal stress Opumax = 91 is approximately

= (2.928;22'06) — - 2.06 (20.2) + &22 (16.3)
or
oy =+ 14.5 - 47.8 + 54.9
or
= 51 = 21.6 MPa (3130 psi) (20)

THMAX

The intermediate steps are shown in order to indicate the relative magnitude

of the terms. The accuracy in the computed value of OLMAX is reduced because
the computation involves differences in terms of comparable magnitude.
However, the two large terms are regarded as known with quite good certainty
(say * 5 percent) and the larger percent error (say + 50 percent) occurs in

the smallest term. As a result, the probable error in the computed value of

is regarded as Tess than 30 percent. Because the computed value of T MAX

THMAX
is only one-third larger than OHMiN it appears that the overall general conclusion
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is that the horizontal principal stresses are not markedly different as
would be inferred from the conventional method of analysis which neglects
fracture mechanics. This general conclusion may have important implications
for hydraulic fracturing in the Rome Basin because it suggests that at Teast
Jocally, the direction of hydraulic fractures may not be well defined by
principal stress directions, but may be governed by the orientation of

planes of weakness.

Comparison of Two Methods for Computing OHMAX

So far, two methods for computing OUMAX have been discussed. The first,
based on a critical tensi]e,streés fracture criterion énd neglect of con-
sideration of cracks in the wall of the laboratory specimen and the field

well, gives [from (1) and (4)]

t w2+l
Symax = 3Ps - Pyt () Ps - Py (21)

The second, based on linear elastic fracture mechanics gives

FL/a) [C

f 6 o, __F o, “o
(G-F) s ~ (G-F) ‘b~ ~(G-F) L i

THMAX
where (18) has been used to express KIc in (17) in terms of Lo and Pi‘
For both (21) and (22) failure is assumed to occur on the radial plane
perpendicular to the minimum Zn situ compressive stress.

If L/a and LO/a0 are much less than unity, say less than 0.1, then
(21) and (22) can be compared by considering the limiting case L/a + 0,
L/a, > 0. In this case G = 1.5F and F(0) = (w3/(w2-1))F so that (22)

reduces to

f 2W2 LO . (23)

opmax = Ps - Py * ey /T NN

29



UGR File #30
Terra Tek, Inc. TR76-36
July 1976

Then, for the limiting case of cracks which are small relative to radii a,

e t f
and a, the difference TuMAX ~ OHMAX hecomes

HMAX T THMAX = WZ=TINT '(—z:T)') - P - (24)

For samples generally used in the laboratory burst tests the ratio w = b/a is

much greater than unity so that w2 >> 1 and (24) reduces to

t f Lo
ommax - Smaax b~ QYT -1 Py Py (25)

: . t f . -
Therefore, for given P,, P and P, the difference C GHMAX) is largest

o
(smallest) when the term (2/[;7[ - 1) is smallest (largest). Because it is
unlikely that the largest crack in the well bore is smaller than the largest
crack in the bore of the laboratory specimen, an upper bound on (2/[;7E'- 1)

is +1 obtained for LO/L = 1. Q lower bound is -1, obtained for Lo/L + 0. Using

. . t f
these bounds one obtained from (25) the following bounds for (CHMAX - GHMAX)

P, - P, - - P tP (26)

t £
b < Opuax = ax) < Pp

The breakdown pressure Pb is usually greater than the internal pressure Pi

required to burst the laboratory samples so that GEMAX is usually greater than

f . . . cas
OLMAX® If Pi is small relative to Pb - Po’ as may be expected in thg determination
of OLMAX at large depths or in weak rocks, then the difference between oﬁMAX and
UEMAX is approximately equal to Pb - Po‘ In any event, equation (26) indicates

that the two approaches lead to pronounced differences in calculated values of

SHmAX-
From Table II, the pressure Pi for a burst test on a sample which was

" taken from the interval pressurized by the straddle packer, and which did

not fail along a bedding plane, is 11.3 MPa (1640 psi). Then, for Pb = 20.2
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MPa (2930Apsi), P_i = 11.3 MPa (1640 psi) and P0 = 1.7 MPa (250 psi), the

f

GHMAX) based on (26) are

-
bounds on (OHMAX -

f.‘

. t

< 29.8 MPa (4320 psi) . (27)

The actual difference (GEMAX - U:MAX) based on the calculation of OﬁMAX from

(21) and the value of of

HMAX obtained from (17) with L = 8 mn is

t f
OHMAX ~ THMAX

= 38.5 - 21.6 = 16.9 MPa (2450 psi) (28)
Clearly, from both (27) and (28) the two approaches lead to marked differences
-in the calculated values of OHMAX

Finally, the calculated values of the principal in situ stresses based

on the present analysis are summarized in Table IV along with other relevant

parameters.,
TABLE 1V
The In Situ Stress at 837 m (2745 feet)
) °on ;

Depth (h) Py e, Kg/m? L (Vertical) OHax min D\roect'lon of
m (feet) |MPa (psi) | MPa (psi) | (1bs/ft?) [ mm (in.) MPa (psi) MPa (psi) MPa (psi) HMAX

8137 20.2 16.3 2643 8 22.% 21.6 16.3 N45°® - 50 E°
(2745} (2930} (2355} (168.5) {3210} (3130} (2360)
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CONCLUSIONS

The fracture logs obtained from the Energy Research and Development
Administration (Komar, 1976; Swolfs, et al., 1976) indicate that one of
the sets of natural fractures is aligned with the direction of TUMAX
reported here, and support the assumption that the small flaw that was .
propagated during the field test was in the direction of TLMAX Further-
more, a fracture-mechanics analysis of mini-hydrofracturing indicates that
as a fracture propagates it will be oriented normal to the minimum in situ
stress. The shut-in pressure (PS) therefore appears to provide an éccurate
estimate of the minimum principal stress. Confirmation of the realignment
of cracks along planes normal to the least compression has been demonstr;ted
experimentally by Ingraffea and Heuze (1976) usfng a PMMA plate containing
an elliptical notch and subjected to biaxial loading at its edges. They
found that the crack (initially inclined to the direction of the applied
stresses) turns around as it propagates and aligns itself normal to the
maximum tension (minimum compression) load. These conclusions are identical
to Haimson's assumptions (1968).

Because the actual crack length in the wellbore must be estimated,
there exists some uncertainty in the calculation of THMAX " The effect of
the initial crack length on OLMAX is shown in Figure 12. Figure 12 indicates
that the maximum value that the crack length could have, in this case, is
27 mm {1.05 in.). At this point, the horizontal principal stresses would be
equal and the direction of fracture would depend only on the orientation of

the physical flaws in the rock.
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Figqre 12. Variation of TLMAX for increasing crack length.

Field tests have been'performed in areas surrounding the Rome Basin.
Results of a mini-hydrofracturing test conducted in Falls Township, Ohio by-
Qverbey and Rough (1968), indicate a minimum horizontal stress of 14.7
MPa (2140) psi with the fracture plane along the N 64° E direction.
Another mini-hydrofracturing experiment conducted near Bradford, Pennsylvania,
gives the direction of the fracture plane as N 70° E, (Overbey and Rough,
1968). Overcoring experiments conducted in a belt from northeastern Ohio
through Northwestern Pennsylvania and New York place the trend of OHMAX
at N 78° E, N 90° E, and N 55° E, respectively. These experiments show
that THAX tends to be aligned with the axis of the Applachian Mountain
Belt, and this corresponds fairly well with the direction indicated by the

impression packer used at Ira McCoy 20402 (N 45° E to N 50° E).
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APPENDIX

Description of Laboratory Tests

The Fracture-Toughness Burst Test

The experiment used to determine a materials resistance to fracture
extensiqn consists of subjecting a prenotched, thick-walled cylinder to
an internal pressure that loads the wall at the inner radius but does not
load the faces of the notch. This type of test has been proposed by Clifton,
et al., (1976) to measure the critical stress intensity factor KIc’ of
geologic materials. The experimental configuration is shown in Figure A2.
The test specimen is a thick-walled cylinder with an outer-to-inner-diameter
ratio of 10 or more. Two radially opposed prenotches are cut into the
jnner bore and penetrate one tenth of the wall thickness along the full
length of the specimen. Prenotching is accomplished using a diamond-
impregnated copper wire, 0.2 mm (0.008 in.) in diameter. A soft impermeable
jacket of urethane tubing with a thickness of .15 mm (0.060 in.) prevents
the fluid pressure from loading the crack faces and the fluid from permeating
the rock matrix. The jacket extends into steel end caps that are attached
to each end of the sample. The seal for the pressurizing fluid is made in
the steel end caps as shown in Figure A2. A cone shaped rubber plug forms
a seal between the inside of the urethane jacket and fhe fluid port when a
small axial force is applied to the system. The seal pressure is varied
by changing the amount of interference between the steel end cap and the
compression rod. A small steel tube in the upper rubber end seal, allows

fluid to communicate between the inner bore and the high pressure line.
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Figure Al. Cross-section of a typical specimen for
fracture-toughness-burst test.

To evaluate KIC for a given sample material the internal pressure is
increased slowly and recorded until a crack is observed to propagate. As
predicted by the analysis of this configuration (Bowie and Freese, 1970)
the first phase of crack propagation is stable for wall-thickness ratio
greéter than 10. Further increase of the internal pressure initiates
unstable crack groﬁth and results in catastrophic failure of the cylindrical
specimen. The maximum Internal pressure (Pi) that can be applied to the

inner wall is related to the critical intensity factor, KIc’ of the
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tested material and the geometry of the sample, by the following equation:

K;n = Kfc (P_i /ma)

Ic

where a is the internal radius and K

»*
Ic

corresponds to the local minimum

value of the numerically calculated function K* shown in Figures A2 and

I

A3 for different wall thickness ratios, w, and crack geometry. For example,

for a wall thickness ratio of 10, Kf

C

is given by 0.245 or 0.42 depending

on whether the sample has a single or double radial cracks, respectively.

[« ]
ol g;iﬁ: -
A § s 2b
1 | 1 [ ) ) t 1
o} 02 0.4 Q.6 0.8 1.O

Figure A2. Stress-intensity factor
for jacketed cylinder with one rad-
jal crack (from Bowie and Freese,
1972).
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Figure A3. Stress-intensity factor
for jacketed cylinder with two rad-
jal cracks (from Bowie and Freese,
1972).
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Results of Fracture Toughness Tests ‘

The results of the fracture toughness tests are further evidence of

the anisotropic nature of this shale (see Table Al). Figures A4 and AS are

TABLE Al

Results of Fracture Toughness Tests

Sample Depth | b/a P Kic
m (ft.) W Failure Pressure | K .* MPa/mm Remarks
MPa {psi) {psi/in)
826.5 (2711) | 10.47 19.5 (2825) 0.4 42.4 Failure initiated along notch
(1220) then turned along pre-existing
fracture
B39 (2761) 10.47 26.21 (3800) 8.25 38.2 Failure ignored notch and oc-
(1100) curred on a pre-existing frac-
ture

photographs of the two samples that were pre-notched and pressurized with
impermeable membranes. In Figure A4 the failure plane originated at the
tips of the pre-notch but turned the moment it intersected a natural fracture.
The failure plane in Figure A5 began in three places, at one pre-notch

and at radially opposed points along a natural fracture, however, catastrophic

faiiure occurred along the natural fracture.

TABLE A2

Tabulation of Functions F and G (Paris and Sih, 196%)

| One Radial Crack | Two Radial Cracks

L/a F(L/a) G(L/a) F(L/a) | 6(L/a)
0.00 2.26 3.39 2.26 T 3.39
0.10 1.98 2.73 2.06 2.93
0.20 1.82 2.30 1.83 2.41
0.30 1.69 2.04 1.70 2.15
0.40 1.58 1.86 1.61 1.96
6.50 1.49 1.73 1.57 1.83
0.50 1.42 1.64 1.52 1.7
0.80 1.32 1.47 1.43 1.58
1.00 .22 1.37 1.38 1.45
1.50 1.06 1.18 1.26 1.29
2.00 1.01 1.06 1.20 1.21
3.00 0.93 0.94 1.13 1.14
5.00 0.81 0.81 1.06 1.07
10.00 0.75 0.75 1.03 1.03
- 0.707 0.707 1.00 1.00
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Figure A4,

Fracture toughness sample from 826.5 m (2711 ft.)

Figure AS5.

Fracture toughness sample from 829 m (2761 ft.)
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